The development of tight rock hydrocarbon resources, also known as shales or unconventional reservoirs, has been enabled by the combination of horizontal drilling and hydraulic fracturing. These techniques are described. Shales have required this innovation for the hydrocarbons to be developed: the reason for this is discussed.
Introduction
The development of tight rock hydrocarbon resources, also known as shales or unconventional reservoirs, has been enabled by the combination of horizontal drilling and hydraulic fracturing. Three reasons for this innovation will be discussed: first, why shales require innovation for the hydrocarbons to be developed; second, why a horizontal well is a required well construction technique, and third, why hydraulic fracturing is an enabling element in the overall process. In this article, the basics of all the three elements are described; however, each element is technically challenging and will not be explored in full depth.
Tight rock (shales)
Tight rock is defined by having extremely low permeability. There are two other critical parameters that define the hydrocarbon system in shales: the viscosity of the fluid which is contained in the rock and the volume of shale which holds the hydrocarbons. This article will briefly touch on the definition of each element and why it is important.
Permeability in Earth systems is defined as the ability for fluid to flow through the bulk rock volume, which means it is a combination of flow area between rock grains ( Figure 1 ) and any natural or unnatural features which may affect the fluid flow (faults and fractures are examples). Permeability was a physical property first defined in the 1800s by French engineer Henry D'Arcy, which is why the unit of measure is called ''darcy''. A millidarcy permeability rock is 1000 times more resistant to flow than darcy permeability rock. Typical tight hydrocarbon systems have permeabilities in the range of 1-10 millidarcies, whereas shales may be down to nanodarcies. Conventional reservoirs have permeabilties from hundreds to several darcies of permeability. The key message is that the ability for fluid to flow through shales is very encumbered by the natural rock properties, and therefore, requires work in the system to enable sufficient flow with a reasonable pressure difference across the rock to be useful. Thus, there is reason to create a hydraulic fracture for enhancement. Hydraulic fracturing will be explained briefly.
For fluids to flow in rocks, a pressure differential is required, meaning that fluids will flow from a higher pressure source to a lower pressure. Viscosity is important in this discussion because the rock system permeability will have to increase if the fluid viscosity increases to get similar flow out of the rock. In other words, higher viscosity fluids benefit from enhancement of the rock permeability to enable the fluid to flow more readily.
In summary, it is easier to get natural gas to flow than liquid hydrocarbons, due to the viscosity of the fluid. The condition of the fluid can be greatly different at the depth and pressure of the rock in the subsurface than it is at the surface. For clarity, a fluid that is natural gas at the surface will be different at the Wells and Logistics Operations for Unconventionals, Shell Exploration and Production Company, Houston, TX, USA pressure and temperature of the subsurface, where it may behave as a liquid.
The volume of rock which can hold hydrocarbons is defined by its physical dimensions: length, width, height, and porosity. Porosity is defined as the volume within the bulk rock volume which is not occupied by rock material, but is made up of the small spaces between rock grains. Porosity is measured in percentage. In rock systems, this can vary broadly based on the geologic history of rocks. For shales 1-10% is typical, whereas up to 20-35% is more typical for conventional hydrocarbon systems. The geometry of the volume of rock holding hydrocarbons is important in this discussion. It must be understood to design the horizontal well and the hydraulic fracture appropriately. In drilling and fracturing a well, the objective is to optimize the flow potential from the rock into the wellbore.
Horizontal wells
Wells as defined here are holes constructed in the Earth with the intent of connecting the subsurface objective rock to the surface. They are typically lined with a steel pipe, called casing, and with cement (concrete without aggregate) pumped between the outside of the casing and the rock. The cement provides structure and a seal. The angle relative to the surface of the Earth is used to describe the well. Wells that are perpendicular from the surface to their final objective, relative to the surface of the earth, are called vertical wells and have an inclination measurement of around 0 . Wells that are parallel to the surface of the earth at their final objective are called horizontal wells and have an inclination of around 90
. There are all combinations in between. Any well that has a subsurface location that is not directly under the surface location is called a directional well (Figure 2 ), which has allowed for the reduction of surface footprints to develop subsurface resources.
Wells are drilled by rotating a drill bit against a rock surface. This rotation with an abrasive face of the bit breaks the rock apart. There are lots of aspects to designing and drilling a horizontal well, but this article will focus on the parts of the bottom-hole assembly (BHA) as that is the most critical component to steer the drill bit. The BHA is the equipment at the bottom of the drill pipe which serves the function of rotating the bit, measuring the formation properties, and providing a controlled bend that can force the bit to the side of the hole. The two main types of BHA that enable directional control are conventional bottom hole assemblies which include a bent sub, which is a short piece of pipe with a designed bend of 1 to 3 in the drill string, and rotary steerables which use various techniques to steer the bit.
To describe conventional directional work, it is necessary to define the terms rotating and sliding. Rotating means the pipe that connects from the surface, the drill string, is being rotated at the surface through the application of torque. Sliding means the drill string is not rotating, but the bit is spinning because a positive displacement fluid motor (part of the BHA) is being used, which generates the torque to rotate the drill bit. The positive displacement fluid motor is called a mud motor. A mud motor can generate torque, with the systems typically used for unconventional wells, in the range of 1500-15,000 N-M. The difference between sliding and rotating is critical for conventional directional work, because for the bit to go straight, the drill string is rotated, and for the bit to drill directionally, it is sliding. The reason the bit turns is that a lateral or side force is developed relative to the bit's primary axis. When the drill string rotates, the lateral force is minimized, because this force rotates around the bit's primary axis, i.e. it is never in a consistent direction. When the bit slides the force is in a constant direction, the bit will have a tendency to move in that direction with the rest of the assembly following (Figure 3) .
Alternatively to conventional directional drilling, rotary steerable assemblies provide various methods of creating the side bit force. The forces range from 4500-13,000 Newtons of force. They include push the bit, bend the shaft, and tilt the bit (Figure 4) . The advantage of rotary steerables over sliding is the speed at which the hole can be drilled. Rotation has generally a faster rate of penetration when compared to sliding.
The end result of either type of steering methodology is a well that has a directional shape, which can later be lined with a casing. This will be cemented in place to isolate non-hydrocarbon bearing rocks from other rocks. This process of isolation is either to keep other formations from dumping water into the wellbore or to keep the deeper formations isolated from near surface water resources that are contained in aquifers.
The horizontal well is the key to creating enough wellbore contact with the formation of interest to economically develop hydrocarbons. The horizontal well creates a location where hydraulic fracturing can be initiated to enhance the natural permeability of the unconventional formations. Without the use of horizontal wells, several vertical wells would have to be drilled to develop the hydrocarbons, which would be cost prohibitive and have a larger surface disturbance.
Hydraulic fracturing
Hydraulic fracturing is the process of using fluid pressure at a rock face in the subsurface to create fractures in the rock and subsequently filling those fractures with a material to prop them open ( Figure 5 ). Enough pressure is applied to crack the rock formation and then fill the crack with material so the crack does not close. The fluid used is generally a waterbased fluid with environmentally friendly additives to control or enhance the properties of the fluid. The material used to prop open the fractures is called a proppant and is generally natural silica sand, but can be made from various synthetic materials like ceramics or aluminum-based materials (bauxite). The reason for generating the fracture is to enhance the permeability of the natural systems by creating more area of flow that is less inhibited by the tight rock. Typically the permeability of a proppant pack can be in the range of 2-40 darcies. If the fracture is not propped, it will close and there will be little to no enhancement.
The shape and geometry of the fracture are mainly controlled by two things. The first is the in situ stress and the second is the variation in material properties of different subsurface layers or rock layers. The subsurface stress can be broken into its three-dimensional relative components. The vertical component is related to the rock above the zone of interest, which is known as the overburden. The horizontal components are controlled by the local tectonics. There is almost always a dominant horizontal stress ( Figure 6 ). The rock will open against the weaker horizontal stress and have some limited vertical growth as the distance away from the wellbore increases. With shallower target formations, eventually the overburden will be the minimum stress and the hydraulic fractures will rotate from a vertical orientation to a horizontal orientation, meaning a fracture propagating to the surface is very unlikely. The relative strength of materials of different layers of rocks will generally act as a confining layer and inhibit further vertical growth. Of note, there is generally a large vertical difference in the formations targeted for hydrocarbon development and the groundwater resources which may be used for other purposes, this separation is typically on the order of 1-3 km vertically.
The water-based fluids which are typically used for hydraulic fracturing generally have additives to enhance or control the viscosity, the corrosion characteristics, and the growth of unwanted bacteria. Viscosity control allows the fluid to carry more proppant with a lower relative velocity as well as to affect the friction of the fluid with the pipe wall (friction reducer). The corrosion inhibitor can be added to reduce the steel loss if the pH of the fluid is low. Bacterial control is used to ensure unwanted organic reactions do not occur, and particularly that sulfatereducing bacteria are not introduced into the reservoir. The systems are generally split into slick water and gelled systems. In slick water, velocity is the primary method of carrying the proppant, and therefore, friction reduction in the wellbore is important. In gelled systems, the viscosity of the water is the primary carrying system of the proppant, but getting the gel to return to a water viscosity is important after the proppant has been carried to its desired place. In tight formations, the water does not leak off into the rock at low pressure, so the fluid is an efficient fracture-generating system. In conventional rocks, the low viscosity water would leak off, and would never achieve the pressure in the system required to generate a fracture in the rocks, thus making it an inefficient fluid.
The proppant is the material carried into the fracture to keep it from closing. This material should be of adequate strength to not break when being crushed by the Earth forces. Additionally, it should have characteristics that make it durable and enhancing of the overall system permeability. This requires material that is strong, generally round, and resistant to dissolution. Round material has a naturally higher permeability than material that is more angular at its edges ( Figure 7) . The durability over time keeps it from being crushed. As the pressure on the reservoir is drawn down to produce the hydrocarbons, the stress on the material will generally increase over time. High-quality sand (SiO 2 ) that has been transported in high-energy river systems is generally a very suitable product. The sand has properties with great strength: the process of moving down a highenergy river will generally round the edges, and the neutral chemical charge of pure sand makes it less susceptible to dissolution. If the sand lacks the material properties or is not spherical enough, synthetic products make a suitable substitute.
Historically, the hydraulic fracturing of the rock was the key to enhancing the natural permeability of shale, to allow hydrocarbons to flow in economic quantities. While direct measurement of the overall permeability of the enhanced system cannot be easily measured, what can be measured is the productivity increase of the rock, which is generally seen as several orders of magnitude increased by hydraulic fracturing. In summary, the fracture had to be combined with the horizontal well to put enough stimulation in the rock to make the overall flow economic. Without the combination of the two, this significant source of energy would remain untapped.
Innovation: Combining horizontal wells and hydraulic fracturing
Hydraulic fracturing of wells started in the 1950s, and the tools to efficiently drill directional and horizontal wells were greatly improved in the mid to late 1990s. The timing and improvements of these technologies enabled the innovation to combine horizontal wells and hydraulic fracturing. As the process has been continuously improved, it has become the method of choice since the mid-2000s allowing shale formations to become an economic source of hydrocarbons. The first material and large scale application of this occurred in the Barnett Shale around the Dallas/Ft. Worth area of Texas, but quickly expanded to other areas in the US and Canada. In addition to the energy that this has provided to be consumed, it has also lowered the surface footprint required for the development.
Thus, the combination of horizontal well drilling with hydraulic fracturing, in low permeability formations, is a significant innovation. Without this innovation, the global energy markets would be short of what has become a very significant source of hydrocarbons. For example, without the combination of the two technologies, there would not have been the shale revolution in the US and the dramatic increase in hydrocarbon production from 2005 to 2015 and beyond.
